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Background: Blood lead levels (BLLs) were measured in the adult Inuit population of Nunavut, Northern Canada,
during the Inuit Health Survey (IHS) in 2007–2008. Approximately 10% of the adult participants had BLL over the
Health Canada's guidance of 100 μg/L.
Objectives: 1) To repeat themeasurement of BLL among the IHS participants with high BLL and household mem-
bers including pregnant women and children under 10 years of age; 2) to measure lead (Pb) concentrations in
environmental samples to identify potential sources and 3) to explore how Pb from environmental samples con-
tributes to BLL using Pb stable isotopic analyses.
Methods: Blood samples were collected from 100 adults and 56 children in 2012. A total of 169 environmental
samples (tap water, house dust, paint, country food, soil, and ammunition) were collected from 14 houses
from three communities where the IHS participants had the highest BLL. Total Pb concentrations and Pb isotope
mass balance were determined by inductively coupled plasma-mass spectrometry (ICP-MS).
Results: The geometric mean of BLL was 43.1 μg/L; BLL increased with age andwas higher in adults than children
(71.1 vs. 17.5 μg/L). Median Pb concentrations in water (1.9 μg/L) and dust (27.1 μg/m2 for wiped dust,
32.6 mg/kg for vacuum dust coarse fraction, and 141.9 mg/kg for vacuum dust ﬁne fraction) were generally
higher than in other parts of Canada. Median Pb concentrations of food and soil coarse and ﬁne fractions
were low (36.6 μg/kg, 5.4 mg/kg and 11.8 mg/kg respectively); paint chips exceeded the Canadian guide-
lines in two houses (median: 3.8 mg/kg). Discriminant analyses and isotope ratio analyses showed that am-
munition and house dust are major sources of Pb in this study population.
Conclusion: Analyses of Pb stable isotopes are useful to identify the routes of exposure to Pb. This approach
can contribute to develop targeted public health programmes to prevent Pb exposure.© 2014 Elsevier Ltd. All rights reserved.1. Introduction
Over the past decades, there has been a general decline in blood
lead levels (BLLs) in the population of the countries that have imple-
mented a phasing out of lead (Pb) from gasoline (Lanphear et al.,
2003; Pirkle et al., 1994); in addition, the reduction of Pb content in
Pb-based paints and the elimination of Pb solder in food cans also con-
tributed to the decline of BLL (Health Canada, 2013a). However, human
exposure to Pb is still a public health concern, as some segments of the
population are still more exposed than others (Brown and Longoria,
2010; Couture et al., 2012; Meyer et al., 2003). This suggests that a va-
riety of Pb sources are still present in the environment, contributing
to an increased exposure of the groups in contact with these sources.
Identifying the environmental sources contributing to blood Pb cancontribute to the development of mitigation measures to further
reduce human exposure to Pb. Stable isotopes of Pb have increasing-
ly been used to assess the environmental sources of Pb contributing
to human exposure (Chen et al., 2012; Oulhote et al., 2011; Tsuji
et al., 2008).
Pb occurs naturally in the environment, but anthropogenic activ-
ities have been contributing signiﬁcantly to the increased Pb levels in
some environments (United Nations Environment Programme.,
International Labour Organisation. et al., 1995). Mining of Pb and
other metals, industrial processes using Pb, and combustion of coal,
oil, or waste all contribute to the release of Pb in the environment
(WHO, 1989). The past use of Pb in gasoline has been a major con-
tributor to Pb in air and soils, and higher Pb levels are found in soils
near roadways. In urban settings, studies have shown that sources of
Pb in dust and soil include previous automotive exhaust emitted
when gasoline contained Pb, as well as weathering and chipping of
Pb-based paint from buildings, bridges, and other structures (United
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et al., 1995). People living in areas where old houses have been painted
with Pb paint may be exposed to higher Pb levels in dust and soil
(Rabinowitz et al., 1985). In the aviation sector, Pb is still added to
fuel for piston-engine aircraft (in general aviation or air taxi aircrafts)
in the formof tetraethyl Pb (EPA, 2010). Pb is also found in ammunition,
particularly for Pb pellets in gunshots. Food items, both from themarket
or from subsistence activities, usually contain low levels of Pb (WHO,
2003), but wild game shot using Pb ammunitions have been reported
to have high Pb concentrations, especially after cooking (Mateo et al.,
2007).
Humans can be exposed to Pb through a variety of pathways. In
Canada, since the phasing out of Pb from gasoline, respiratory exposure
from inhalation of Pb has signiﬁcantly declined, and now exposure oc-
curs mainly orally through water and diet (Health Canada, 2013a).
Drinking water in houses containing leaded plumbing may contain Pb
and the association between BLL and tap water Pb concentrations has
been documented in Canada, despite the generally low Pb levels in mu-
nicipal water supplies (Levallois et al., 2013). All food items from the
diet can also represent a source of Pb for consumers, although Pb levels
found in foods are generally low (Health Canada, 2013a). Food prepara-
tion can also represent a source of Pb, depending on how food is trans-
formed, stored or prepared (Barbosa et al., 2009; Hernandez-Serrato
et al., 2006). Human exposure to Pb can also occur from the ingestion
of soil and dust that contain Pb (Bell et al., 2013), which is higher in chil-
dren than in adults as a result of their hand-to-mouth behaviour
(Lanphear and Roghmann, 1997). In areas where soils are heavily load-
ed with Pb, soil can be a primary source of Pb in both internal ﬂoor dust
and hand-wipe dust (Zahran et al., 2011).
Once in the bloodstream, Pb accumulates in the bones, where it can
be sequestered for a long time, contributing to the body burden; as
humans age, and during certain health events, decalciﬁcation pro-
gresses, releasing Pb into the bloodstream and therefore increasing
BLL (Health Canada, 2013a).
The main target for Pb toxicity is the nervous system, both in
adults and children. Past occupational exposure to Pb of adults,
assessed by Pb in the bones, has been associated with a longitudinal
decline in cognitive function (Schwartz et al., 2000). Children are
more sensitive than adults to the health effects of Pb (Bellinger,
2004; Landrigan and Todd, 1994). In children, pre-clinical neurotox-
icity of Pb includes cognitive deﬁcits (measured by IQ), reduction of
attention and memory, alterations of a large spectrum of behaviours,
fatigue and persistent brain lesions (Bellinger et al., 1994; Hu et al.,
2006; Landrigan et al., 1993; Lanphear et al., 2005; Stewart et al.,
2006). At maternal BLL of 100 to 150 μg/L, in-utero exposure to Pb
has been associated with impaired mental development, such as de-
creased IQ scores (ATSDR and A. f. T. S. a. D. R., 2007; U.S.EPA, 2006).
To date, no toxicity threshold has been identiﬁed and there is sufﬁ-
cient evidence that BLLs below 50 μg/L, and as low as 10–20 μg/L,
are associated with adverse health effects (Bellinger, 2004; Gilbert
and Weiss, 2006; Lanphear et al., 2005; Tellez-Rojo et al., 2006).
Based on the 97.5th percentile of the population BLL in children ages
1–5, the United States Centers for Disease Control (CDC) recently
lowered the reference value for BLL of children to 50 μg/L (CDC, 2012).
BLLs in the Canadian Inuit population have been documented since
the mid-1980s. A recent review of the environmental contaminants
and health in the western Canadian Arctic showed that Pb levels in
Inuvialuit and Dene/Métis mothers were almost two times the levels
of non-Aboriginal mothers (13 vs. 6.9 μg/L) from the Inuvik region
(Donaldson et al., 2010). During the International Polar Year Inuit
Health Survey (IHS) in 2007–2008, elevated BLLs were reported in the
adult Inuit participants from Nunavut (N = 1628). The average (geo-
metric mean) BLL was 37.1 μg/L (unpublished data), which is higher
than the levels reported in the Canadian Health Measures Survey
Cycle 2, which was 12 μg/L (Health Canada, 2013b). Almost 10% (155
participants) had BLL exceeding the Canadian blood Pb interventionlevel for general unexposed population of 100 μg/L, which is currently
under review; among these, three women of childbearing age had BLL
higher than 100 μg/L. The mean BLL signiﬁcantly increased with age
and male participants had signiﬁcantly higher mean BLL than female
participants. At that time, no data were available regarding children's
BLL in Nunavut or possible sources speciﬁc to this region (Laird et al.,
2013).
The objective of this paper is to describe the BLL in the participants of
this follow-up study,which included past IHS participantswith elevated
BLL (EBLL) and any householdmemberswhowere pregnant or children
under the age of 10, and to explore the potential environmental sources
of exposure in the Inuit population of Nunavut, northern Canada, using
Pb stable isotope analyses.
2. Materials and methods
2.1. Study design and sampling
Recruitment was organized by the Government of Nunavut Depart-
ment of Health, who prepared invitation letters for the IHS participants
who presented BLL of 100 μg/L or higher in 2007–2008. These letters
were sent to all local Health Centres in Nunavut (Fig. 1), where a
nurse personally met these individuals to present them the follow-up
project and the letter of invitation.
Children 10 years of age and younger as well as pregnant women
from the identiﬁed participants' houses were also invited to take part
in the follow-up. All adult participants signed a consent form; for the
children, the parent or guardian signed an assent form. The letters of in-
vitation and the consent/assent forms were available in both English
and Inuktitut, and translation to Inuktitut was provided during the in-
terviews when necessary. This project obtained the ethics approval
from the Ofﬁce of Research Ethics and Integrity from the University of
Ottawa.
2.2. Data collection
2.2.1. Human exposure questionnaires
For every adult participant, a nurse from the local Health Centre
administered an Exposure Questionnaire; for children, the parent
or guardian provided the answers. The questionnaire included infor-
mation regarding the participants' dietary habits and potential occu-
pational and/or residential sources of exposure to Pb.
2.2.2. Environmental samples information
Environmental sampleswere collected in 14houses from three com-
munities of Nunavut, where the participants had the higher BLL during
the 2007–2008 IHS. Environmental Health Ofﬁcers (EHO) visited the
communities, where they sampled up to ﬁve households from the list
of participants in the blood-sampling programme. Environmental sam-
ples collected included tapwater, house dust, house paint, country food,
and soil. For each house visited, the EHOs completed a Visit Record
Sheet to collect information on the house (e.g. conditions, history, con-
struction, renovations), samples collected, types of ammunition used by
the participants, and soil sampling locations.
2.3. Sample collection, preparation, and digestion
2.3.1. Blood
For each participant, a nurse from the local Health Centre collected
one 6mL tube of blood by venipuncture. Sampleswere kept refrigerated
and sent to theUniversity of Ottawa for Pb concentration and Pb isotope
mass balance analyses. Blood samples were kept at 4 °C until analysis.
For each blood sample, a volume of 0.5 mL was diluted to 45 mL with
Milli-Q H2O. Diluted samples were mixed rigorously and centrifuged
at 4 °C for 5 min at 3000 rpm, before being transferred to 15 mL centri-
fuge tubes in a clean room.
Fig. 1.Map of Nunavut, Canada.
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After determining which tap was the most often used for water
consumption, water was allowed to ﬂow rapidly until the pressure
pump was initiated. The tap was closed for 30 min and the ﬁrst litre of
tap water was collected in a 1 L beaker, previously rinsed with tap
water. Two 250 mL bottles were ﬁlled to the top and capped. For the
control sample, the 1 L beaker was rinsed with blank water 3 times,
and around 250 mL of blank water was poured in it; a 250 mL bottle
was then ﬁlled to the top with blank water. All samples were main-
tained in a cool place until shipping. Upon arrival at the laboratory,
tap water samples were acidiﬁed with HNO3 to obtain a 2% solution,
and kept at 4 °C until analysis.2.3.3. Settled dust
Settled dust was sampled with GhostWipe™ according to the
standard practice E1728-10 described by ASTM International
(ASTM, 2010). An area in the middle of the living room or kitchen
was selected and a 30 cm × 30 cm template was placed on the surface
to be sampled. Using an open ﬂat hand with the ﬁngers together, with
clean gloves, the GhostWipe™ was used to wipe the selected surface
area side to side, in an overlapping “S” pattern. The GhostWipe™ was
folded in half with the collected dust side folded inward, and the pre-
ceding wiping procedure was repeated within the selected sampling
area using an up and down overlapping “S” pattern. The GhostWipe™
was folded in half again with the collected dust side folded inward,
and the wiping procedure was repeated one more time, collecting
settled dust from all corners within the selected surface area. TheGhostWipe™was folded once more with the collected dust side folded
inward and inserted into a tube. A duplicate was obtained in the same
room. The information about the two samples (room, type of surface
sampled) was noted on the visit record sheet. One control wipe per
house was obtained by putting a pair of clean gloves and removing a
GhostWipe™ from its envelope, folding it, and inserting it into a tube.
All samples were kept frozen until analysis. The tubes containing the
GhostWipe™ were kept frozen at−20 °C until analysis. The digestion
protocol was adapted from the ASTM E1644 method (ASTM, 2012).2.3.4. Vacuum dust
Vacuum dust was collected using a Dirt Devil hand vacuum cleaner.
Before each sampling, the removable parts were washed with distilled
water and dried with Kimwipes before installing a clean ﬁlter. Dust
was collected on the ﬂoor for 5 min in one half of each room of the
house and transferred to plastic bags; the ﬁlter was removed and stored
in another plastic bag. The removable parts of the vacuum cleaner were
washed under tap water to remove any coarse residues. This procedure
was repeated to collect the duplicate of dust from the other half of the
rooms. All samples were stored in a cool and dry location until analysis.
Vacuum dust samples were prepared according to a method adapted
from Rasmussen et al. (2001). Pet and human hair and large particles
were manually removed from each dust sample. Each dust sample
was sieved to coarse (80–300 μm) and ﬁne (b80 μm) size fractions
using a sieve shaker (W.S. Tyler RO-TapRX-94) and stainless steel sieves
(W.S. Tyler Cat. No. 2451, 5209, 5205), for 10min; the two dust fractions
were transferred to separate glass vials.
66 M. Fillion et al. / Environment International 71 (2014) 63–732.3.5. Filter dust
After the collection of each vacuum dust sample, the ﬁlter was re-
moved from the hand vacuum cleaner and kept in a plastic bag, and
stored in a cool and dry location until analysis. Filter dust samples
were prepared according to a method adapted from Rasmussen
et al. (2001). Pet and human hair and large particles were manually
removed from each ﬁlter, and dust from vacuum ﬁlters was sieved to
coarse (80–300 μm) and ﬁne (b80 μm) size fractions using a sieve
shaker (W.S. Tyler RO-Tap RX-94) and stainless steel sieves (W.S.
Tyler Cat. No. 2451, 5209, 5205), for 10 min; the two fractions were
transferred to separate glass vials.
2.3.6. Paint chips
Paint chips were obtained from where they were available in the
house. Small chips of paint were removed from a wall with a scraper
(preferentiallywhite, yellow or red paint, as these colours typically con-
tain Pb), allowing the chips to fall into a plastic plate, until gathering a
size of a dime; paint chips were transferred to a plastic bag. The scraper
and plastic plate were cleaned under tap water to remove any coarse
residues, and further cleaned with distilled water. A second sample
was obtained according to the same protocol. The room in which the
sample was taken and the colour of the paint were noted on the Visit
Record Sheet. When required, paint was removed from drywall and
board with scalpel and ground to powder.
2.3.7. Country food
Country food samples were obtained from mammals hunted with
lead shot. The cutting board and knifewere previouslywashedwith dis-
tilled water, and a piece of approximately 1 cm× 1 cm× 1 cmofmuscle
was cut and kept in a plastic bag. The species and the part sampledwere
noted on the Visit Record Sheet. A second sample was obtained by
choosing another part of the animal. All samples were kept frozen
until shipping. Upon arrival at the lab, samples were stored at−20 °C
and thawed in a 4 °C refrigerator 6 h before preparation for digestion.
Thawed samples were homogenized.
2.3.8. Soil
Soil samples were collected in triplicate from four locations
around three houses, including the drip line (where rain would fall
from the side of the building/roof), areas in which the children play
and soil is exposed, walkways (ex. walking paths between
neighbouring houses), and areas around the edge of any roads just
outside of the house, from which people enter or exit the house.
After selecting a location, a small garden shovel was washed with
distilled water and approximately 100 g of surface soil was collected
from a patch of 30 cm × 30 cm and transferred to a plastic bag. The
small garden shovel was cleaned under tap water to remove any
coarse residues before repeating the procedure for the next sampling
location. The place where the soil replicate was taken was noted on
the Soil Sampling Visit Record Sheet. Upon arrival to the lab, soil
samples were refrigerated until analysis. Soil samples were prepared
according to a method adapted from Rasmussen et al. (2001). Dust
samples were dried for 36 h in a freeze dryer (FreezeZone 2.5
model, Cat# 7670520, Labconco Corporation, USA). Pet and human
hair and large particles were manually removed from each soil sam-
ple, and they were then sieved to coarse (80–300 μm) and ﬁne
(b80 μm) size fractions using a sieve shaker (W.S. Tyler RO-Tap RX-
94) and stainless steel sieves (W.S. Tyler Cat. No. 2451, 5209,
5205), for 5 min; the two soil fractions were transferred to separate
glass vials.
2.3.9. Ammunition
For safety reasons, ammunitionwas not collected by the EHOs in the
houses visited for environmental sampling. For each ammunition type
used, themanufacturer, model, make, and serial number were recorded
on the Visit Record Sheet and the corresponding ammunition or theammunition sharing the most characteristics with the ammunition de-
scribed by the participants was purchased in hunting supplies shops in
Ottawa. The bulletswere extracted using a kinetic bullet puller by a Fire-
arms Technologist from the Canadian Integrated Ballistics Identiﬁcation
Network of the Royal Canadian Mounted Police (RCMP). Bullets were
stored in plastic tubes for their transport to the laboratory. All unused
ammunition was left with the RCMP for disposal. Upon arrival at the
lab, the bullets were cut in half using clean stainless steel pliers in
order to squeeze out the Pb from the case. To remove impurities, the
Pb pieces were cleaned in an ultrasonic bath with HNO3 1% for
20 min, rinsed with Milli-Q water; cleaned again in the ultrasonic bath
with Milli-Q water for 10–15 min, and rinsed with Milli-Q water. Sam-
ples were dried on a ﬁlter paper and then weighed for acidic digestion
and isotopes determination.
2.4. Sample analysis
Blood samples were analysed using an Agilent protocol by direct
analysis on ICP-MS after dilution and centrifugation. Water samples
were treated and analysed following standard United States Envi-
ronmental Protection Agency (USEPA) method 200.8 (EPA, 1994a,
1994b). Acidic digestion of all solid samples (dust, paint, country
food, and soil) was done in three steps in a DigiPrep heating block ac-
cording to DigiPrep protocols following USEPA method 3050b (EPA,
1996), USEPA Method 200.2 Revision 2.8 (EPA, 1994a, 1994b) and
ASTM E1644 method (ASTM, 2012). Ammunition samples were
digested with 3 mL HNO3, 1 mL H2O2 and 12 mL HCl and gently heat-
ed in DigiPrep overnight. The digested samples were diluted with
Milli-Q water to a volume of 50 mL, and diluted to 1:1000 for Pb iso-
tope ratio determination by ICP-MS.
Total Pb levels and Pb isotope mass balance were determined by in-
ductively coupled plasma-mass spectrometry (ICP-MS) at the Center for
Advanced Research in Environmental Genomics (CAREG) at the Univer-
sity of Ottawa, using a Agilent ICP-MS (7700 Series, Santa Clara, CA)
ﬁtted with a MicroMist nebulizer and a quartz spray chamber. Certiﬁed
standard reference materials were used for QA/QC of Pb concentrations
and accuracy/precision of isotopic analysis. For BLL, NIST Standard Ref-
erence Material 955c (levels 1, 2, 3, and 4) was used for quality assur-
ance/quality control (QA/QC) (National Institute of Standards and
Technology, Gaithersburg, MD, USA). Reference materials provided by
the GhostWipe™ manufacturer (Environmental Express, Charleston,
South Carolina) were used for QA/QC. For house dust, paint, soil, and
ammunition, Buffalo River Sediments reference material (NIST #8704)
was used for QA/QC. For food samples, ﬁsh protein reference material
(NRC DORM 3) was used for QA/QC. Blanks and check standards were
run every ten samples. Recovery rates of all standard reference mate-
rials were between 93 and 110%.
2.5. Statistical analyses
Descriptive statistics were used to describe BLL and Pb concentra-
tions in environmental samples. Non-parametric statistics were per-
formed to compare the different groups, as the data were not
normally distributed. Discriminant analyses were used to plot the
relative isotopic composition for the blood and environmental sam-
ples, for houses with participants having BLL ≥100 μg/L. Box plots
were used to describe the Pb isotope ratios (LIR) in blood and envi-
ronmental samples. Statistical analyses were performed with JMP
Version 9.0.2, Excel Version 14.2.3, and SYSTAT 13.
3. Results
3.1. Blood lead levels (BLLs)
Blood samples were collected from 156 participants (100 adults
and 56 children) from 22 communities. Of the 100 adults, 90 were
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2008, and 10 were new adult participants from the same households.
The age of the adult participants ranged between 20 and 94 years
(mean ± SD: 55.6 ± 17.6 years). Fifty-ﬁve children between 1 and
11 years old participated in this study (mean ± SD: 4.7 ±
2.9 years). In addition, one teenager of 15 years old participated in
the study; for the purpose of this study, this participant was included
in the child group, for a total of 56 children.
BLLs are presented in Table 1. Pb (N1 μg/L) was detected in all blood
samples. The average (geometric mean) BLL was 43.0 μg/L. The partici-
pantwith the highest BLLwas an adult womanwith a BLL of 898.9 μg/L,
which is nearly twice the occupational exposure limit of 450 μg/L of the
Federal–Provincial Committee on Environmental and Occupational
Health (CEOH) (CEOH, 1994). BLLs were signiﬁcantly higher in adults
compared to children (mean: 95.8 vs. 26.1 μg/L; Wilcoxon/Kruskal–
Wallis p b 0.0001). In adult participants, BLL was positively correlated
with age (Spearman ρ= 0.47; p b 0.0001); in children, this correlation
was not signiﬁcant but showed a tendency (Spearman ρ = 0.24; p =
0.08). Adult women had lower mean BLL than adult men (mean: 90.0
vs. 102.4 μg/L; Wilcoxon/Kruskal–Wallis p = 0.04), whereas in
children, there was no difference between BLL in girls and boys
(mean: 34.0 vs. 19.7 μg/L; Wilcoxon/Kruskal–Wallis p = 0.56). A total
of 35% (N= 35) of adult participants had BLL above 100 μg/L. Two chil-
dren less than one year old (3.6% of the children) had BLL exceeding the
new 50 μg/L blood Pb level of concern adopted by the CDC for children
under 6 years, the level atwhich the CDC recommends public health ac-
tions be initiated (CDC, 2012); of these two children, one (1.8%) had BLL
exceeding 100 μg/L. From the 18 women of childbearing age (15–44
years old), two had a BLL higher than 50 μg/L, the CDC guidance for
that group (CDC, 2010). Among the 90 adult participants who also par-
ticipated in the IHS, BLL signiﬁcantly decreased by more than 60% be-
tween 2007–2008 and 2012.
3.2. Exposure questionnaires
Results from the exposure questionnaires are presented in
Table 2. More males than females reported making ﬁsh weights or
sinkers (all: 14.5 vs. 3.9%, Pearson p = 0.03; adults: 20% vs. 3.8%,
p = 0.02) and soldering, brazing or tinning (all: 11.7% vs. 0%, Pear-
son p = 0.008; adults: 19.6% vs. 0%, Pearson p = 0.0009). More
children than adults reported having a family member of a friend
with elevated BLL (EBLL) (33.3% vs. 19.1%, Pearson p = 0.004). As
expected, more adults than children reported hunting (51.0% vs.
32.1%, Pearson p = 0.03), practicing soldering, brazing or tinning
(9.3%vs. 0%, Pearson p = 0.02), and eating country foods killed
with Pb shots (89.3% vs. 83.3%, Pearson p = 0.01).
BLLs were higher in participants reporting living in a house un-
dergoing repairs or remodelling (entire group medians: 92.6 vs.
44.9 μg/L; Wilcoxon/Kruskal–Wallis p = 0.002; adult medians:
113.1 vs. 79.2 μg/L, p = 0.04). Participants reporting hunting or tar-
get practice had higher BLL than those who did not (entire groupme-
dians: 73.7 vs. 31.8 μg/L; Wilcoxon/Kruskal–Wallis p = 0.002; adult
medians: 88.3 vs. 66.8 μg/L; p = 0.03); participants reporting eatingTable 1
Blood lead levels (BLL) in micrograms per litre (μg/L) in the study participants (n = 156).
N Mean SD Median Geometric mean Lower 95% C.I.
Adults 100 95.8 101.6 83.0 71.1 75.7
Men 47 102.4 74.1 89.8 85.7 80.6
Women 53 90.0 121.4 76.3 60.3 56.6
Children 56 26.1 57.5 16.6 17.5 10.7
Boys 31 19.7 12.4 17.4 17.2 15.1
Girls 25 34.0 85.2 16.6 17.8 0
All 156 70.8 94.3 49.2 43.0 55.9
Male 78 69.5 70.7 55.9 45.3 53.6
Female 78 72.1 113.6 45.8 40.7 44.5country food that was killed with Pb shots also presented higher BLL
than those who did not (entire group medians: 45.1 vs. 16.5 μg/L;
Wilcoxon/Kruskal–Wallis p = 0.05).
3.3. Pb levels in environmental samples
A total of 169 environmental samples from 14 houses visited in 3
communities were sent to the University of Ottawa for Pb concentra-
tions and isotope mass balance analysis (Table 3). Median Pb level in
tap water was 1.9 μg/L. Two houses showed Pb levels exceeding the
maximum acceptable concentration (MAC) of 10 μg/L of water accord-
ing to the Guidelines for Canadian Drinking Water Quality (Health
Canada, 2012).
Pb levels in the country food samples were generally low, with
median concentration of 36.6 μg/kg. All samples were within the
Codex General Standard for Contaminants and Toxins in Food and
Feed, which recommends Pb levels lower than 100 μg/kg for meat
products and 500 μg/kg for offal (FAO, 2012). Higher Pb levels were
measured in two samples: caribou (357.9 μg/kg) and ringed seal
(265.3 μg/kg).
All replicates of GhostWipe™ were over the detection limit, in-
cluding the blank wipes. The median concentration of Pb in
GhostWipe™ was 27.1 μg/m2. Two of the 14 houses (14.3%) showed
at least one GhostWipe™ over the guideline of 431 μg/m2 (USEPA,
2000).
Vacuumdust and ﬁlter dust were available for nine houses from two
of the three communities. For vacuum dust, median Pb levels measured
in theﬁnehouse dust fractions (b80 μm)were higher than coarse house
dust fractions (80–300 μm), although the difference was not signiﬁcant
(median: 138.3 vs. 32.6 mg/kg; Wilcoxon/Kruskal–Wallis p = 0.06);
however, for the ﬁlter dust, there was no signiﬁcant difference inmedi-
an Pb levels between the ﬁne and the coarse fractions (median: 141.9
vs. 74.2 mg/kg; Wilcoxon/Kruskal–Wallis p = 0.20). For vacuum dust,
elevated Pb levels (N250 mg/kg), as deﬁned by Rasmussen et al.
(2011), were observed in almost 50% (4/9) of the houses in the ﬁne
dust fraction, and in 33% (3/9) of the houses for the coarse dust fraction;
for the ﬁlter dust, elevated Pb levels in the ﬁne dust fraction were ob-
served in 33% (3/9) of the houses, and for the coarse dust fraction, in
only one house.
Pb levels in paint chips showed a wide range from 0.002 to
565.6 mg/kg, and samples from two houses had Pb concentration
greater than the Canadian guidelines of 90 mg/kg (CCPSA, 2010).
The year of construction was known only for houses from one com-
munity; three houses were built in 1980, one in 1950, and one in
1960.
Soil samples were collected from three houses in a single communi-
ty. Pb was detected in all soil samples. The median Pb concentration in
soil samples was 11.8 mg/kg for the ﬁne fraction and 5.4 mg/kg for
the coarse fraction; there was no signiﬁcant difference between the
two fractions (Wilcoxon/Kruskal–Wallis p = 0.07).
Pb levels in ammunitions were very high. While Pb pellets are made
of 100% lead, the ammunition material we analysed had a Pb content of
34% (median).Upper 95% C.I. Min Max # of people with BLL ≥100 μg/L (%) 95% centile
116.0 3.9 898.9 35/100(35.0) 71.3
124.1 15.2 501.4 19/47(40.4) 224.0
123.5 3.9 898.9 16/53(30.2) 165.9
41.5 6.0 440.9 1/56(1.8) 17.5
24.3 6.7 74.7 0/31(0) 48.9
69.2 6.0 440.9 1/25(4.0) 381.0
85.7 3.9 898.9 36/156 (23.0) 149.6
86.5 6.7 501.4 19/78(24.3) 45.3
97.7 3.9 898.9 17/78(21.8) 41.0
Table 2
Results from the exposure questionnaires (N = 154). Only the parameters that show statistical signiﬁcant results are presented.
Adults Children All
Men andwomen Men Women Boys and girls Boys Girls Men andwomen Men Women
Family member of friend with EBLL 18/94(19.1)a 9/45(20.0) 9/49(18.4) 18/54(33.3)a 10/30(33.3) 8/24(33.3) 36/148(24.3) 19/75(25.3) 17/73(23.3)
Hunting/target practice 49/96(51.0)a 27/44(61.4) 22/52(42.3) 18/56(32.1)a 9/31(29.0) 9/25(36.0) 67/152(44.1) 36/75(48.0) 31/77(40.3)
Making ﬁsh weights or sinkers 11/97(11.3) 9/45(20.0)b 2/52(3.8)b 3/56(5.4) 2/31(6.5) 1/25(4.0) 14/153(3.3) 11/76(14.5)b 3/77(3.9)b
Soldering, brazing, tinning 9/97(9.3)a 9/46(19.6)b 0/47b 0/56a 0/31 0/25 9/153(5.9) 9/77(11.7)b 0/76b
Eat country foods killedwith lead shots 67/75(89.3)a 31//33(93.9) 36/42(85.7) 45/54(83.3)a 26/30(86.7) 19/24(79.2) 112/129(86.8) 57/63(90.5) 55/66(83.3)
Legend: a = signiﬁcant age difference (p b 0.05); b = signiﬁcant gender difference (p b 0.05).
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communities
3.4.1. BLL in the participants from the households sampled for environmental
sources of Pb
A total of 14 houses were sampled for the assessment of potential
environmental sources of Pb, in which a subset of 34 participants re-
sided. Table 4 shows the BLL of this subset of participants, shown in
decreasing order of BLL, with the Pb levels of the environmental sam-
ples from their respective houses. Results for adults and children are
presented separately. Values in bold exceed the guidelines (BLL:
100 μg/L; water: 10 μg/L; GhostWipe™ s: 431 μg/m2; house dust:
250 mg/kg; paint: 90 mg/kg; country food (meat products): 100 to
500 μg/kg). Among this subset of participants, almost 40% of the
adults (7/18) presented BLL higher than the guideline level of
100 μg/L. In the children participants from this subset, only 1 girl
(6.3%) presented BLL higher than the CEOH blood Pb intervention
level. Since soil samples were successfully collected only in 3 houses,
soil was not included in this table.
Table 4 shows that participants with EBLL generally live in houses
where environmental samples exceed current Canadian environmental
guidelines. BLL were positively correlated with Pb levels in water
(Spearman ρ = 0.63; p b 0.0001) and ﬁne dust (Spearman ρ= 0.63;
p = 0.005).3.4.2. Relative isotopic compositions of the different samples
The relative isotopic composition of blood and environmental
samples was investigated in households where at least one partici-
pant had BLL higher than the guideline of 100 μg/L, using discrimi-
nant analysis (Fig. 2). This method is different from the comparison
of isotope ratios, as it takes into account all four stable isotopes of
Pb simultaneously, and attempts to model the differences between
classes of data and recognize patterns. Although there was no consis-
tent pattern of distribution of the different types of samples through-
out the space, generally, in the six households represented, water
and country food do not seem to have the same relative composition
of Pb isotopes as blood samples. In general, blood samples' relative
isotopic composition was similar to dust parameters, and to a lesser
extent paint. In household 1, where the three participants showedTable 3
Lead (Pb) levels in the environmental samples.
N Mean SD 25%
Tap water (μg/L) 28 14.7 39.7 0.5
Country food (μg/kg) 15 75.5 103.3 20.3
Vacuum dust— coarse fraction (mg/kg) 10 121.4 152.2 17.7
Vacuum dust— ﬁne fraction (mg/kg) 10 433.1 655.2 58.1
Filter dust — coarse fraction (mg/kg) 9 108.5 155.4 24.3
Filter dust — ﬁne fraction (mg/kg) 9 274.2 304.9 37.1
Paint chips (mg/kg) 27 76.8 168.0 2.0
Soil— coarse fraction (mg/kg) 12 10.2 10.7 2.7
Soil— ﬁne fraction (mg/kg) 12 16.8 15.0 6.2
Ammunition (g/kg) 10 431.4 387.2 135.4the highest BLL (Fig. 2a), the dust parameters showed relative isoto-
pic compositions similar to those of the three blood samples, sug-
gesting that these were likely sources. In household 2, blood Pb
isotopic composition is close to that of paint (Fig. 2b). In household
3, there is a close ﬁt between the isotopic composition of blood,
dust and paint (Fig. 2c). The same observation is valid for household
4, where ammunition also shows this similarity (Fig. 2d). In house-
hold 5, the relative isotopic composition of blood is close to that of
country food and dust (Fig. 2e). Household 6 is the only one where
the relative isotopic composition of blood does not approach those
of the environmental samples measured (Fig. 2f).
3.4.3. Lead isotope ratios (LIR) in blood and environmental samples
For each sample type, different Pb isotope ratios (LIRs) were calcu-
lated and plotted to see how these ratios differ between sample types.
Six LIRs were chosen according to the study by Oulhote et al. (2011).
Fig. 3a, b, and c shows that blood LIRs are mainly situated between
country food LIRs on the lower end of the y axis, and water, dust,
paint, and ammunition LIR on the higher end of the y axis. The LIRs of
children and adults with lower BLL are closer to LIR of country food,
whereas LIRs of children and adults with higher BLL are closer to the
other environmental samples. Fig. 3a, b, and c also shows that country
foods have different LIR than water, house dust, and ammunition; LIRs
of house dust are close to the LIRs of paint and ammunitions.
4. Discussion
This study presents the BLL in Inuit adults and children of Nunavut,
Northern Canada, based on a follow-up study of the adultswhopresented
EBLL (N100 μg/L) in the 2007–2008 IHS and other adults and children
from the same households. As expected from the recruitment strategy,
BLL among the participants of this studywere higher than those observed
for the general Canadian population. The Second Report on Human Bio-
monitoring of Environmental Chemicals in Canada, presenting the results
of the Canadian Health Measures Survey from 2009 to 2011, shows that
the geometric mean concentration of Pb among Canadians aged 6 to
79 years was 12 μg/L, and the 95th percentile was 32 μg/L (Health
Canada, 2013b). Among children between 6 and 11 years old, the geo-
metric mean concentration was 7.9 μg/L and the 95th percentile was
18 μg/L (Health Canada, 2013b). The BLLs measured in the participants50% 75% 95% Lower 95% C.I. Upper 95% C.I.
1.9 8.1 107.8 0 30.1
36.6 59.7 328.5 34.6 116.4
32.6 284.0 406.2 12.5 230.2
138.3 556.7 2089.9 0 901.8
74.2 100.3 511.5 0 227.9
141.9 518.6 874.2 39.8 508.5
3.8 19.6 479.8 10.4 143.3
5.4 15.8 28.8 3.4 16.9
11.8 25.8 40.8 7.3 26.3
337.8 573.7 1044.7 154.4 708.4
Table 4
BLL and corresponding environmental samples Pb levels among the 34 participants from the environmental study, presenting the data for a) adults and b) children.
ID no Age Sex BLL
(μg/L)
Water
(μg/L)
GhostWipe
(μg/m2)
Dust-F
(mg/kg)
Dust-C
(mg/kg)
Paint
(mg/kg)
Food 1
(μg/kg)
Food 2
(μg/kg)
a) Adult BLL and corresponding environmental samples Pb levels (N = 18)
1 57 F 898.9 9.02 3491.7 694.2 414.5 375.2 69.1 357.9
2 65 M 501.4 9.02 3491.7 694.2 414.5 375.2 69.1 357.9
3 73 M 243.0 23.595 72 484.1 52.0 64.1 68.6 NA
4 67 F 133.0 2.055 86.7 NA NA 529.66 20.74 NA
5 74 F 119.8 4.065 13.4 330.3 53.3 2.4 47.0 19.2
6 76 F 104.1 153.5 52.7 70.4 17.1 1.1 25.4 48.7
7 64 M 101.6 1.785 1887.8 1161.5 186.8 2.2 23.8 17.0
8 60 M 86.1 0.185 1.9 NA NA 12.45 25.43 265.3
9 69 F 85.6 23.595 72 484.1 52.0 64.1 68.6 NA
10 67 F 70.6 0.66 24.5 99.4 33.0 2.8 39.18 44.89
11 76 F 63.2 0.7 0.0 NA NA 15.03 NA NA
12 44 F 44.9 0.505 30.5 NA NA 7.58 NA NA
13 49 M 31.9 2.61 87.4 63.5 20.3 5.8 NA NA
14 48 M 29.9 0.135 54.9 NA NA 2.22 151.97 35.9
15 29 F 26.9 7.365 122.2 48.5 47.1 0.0 8.74 22.17
16 37 M 26.3 0.31 8.4 100.2 63.7 0.0 NA NA
17 33 F 19.8 0.31 8.4 100.2 63.7 0.0 NA NA
18 22 F 6.0 0.135 54.9 NA NA 2.22 152.0 35.9
b) Children BLL and corresponding environmental samples Pb levels (N = 16)
1 6 F 440.9 9.02 3491.7 694.2 414.5 375.2 69.1 357.9
2 5 F 46.3 2.055 86.7 NA NA 529.66 20.7 NA
3 1 F 21.4 4.065 13.4 330.3 53.3 2.4 47.0 19.2
4 11 M 21.0 0.185 1.9 NA NA 12.45 25.43 265.3
5 4 M 20.4 4.065 13.4 330.3 53.3 2.4 47.0 19.2
6 7 F 19.7 7.365 122.2 48.5 47.1 0.0 8.74 22.17
7 8 M 19.2 0.505 30.5 NA NA 7.58 NA NA
8 9 M 17.5 7.365 122.2 48.5 47.1 0.0 8.74 22.17
9 9 F 13.2 0.505 30.5 NA NA 7.58 NA NA
10 3 M 12.4 0.185 1.9 NA NA 12.45 25.4 265.3
11 4 F 12.1 0.185 1.9 NA NA 12.45 25.4 265.3
12 3 F 12.1 0.135 54.9 NA NA 2.22 152.0 35.9
13 1 F 10.7 0.135 54.9 NA NA 2.22 152.0 35.9
14 5 M 9.9 0.135 54.9 NA NA 2.22 152.0 35.9
0 F 9.7 4.065 13.4 330.3 53.3 2.4 47.0 19.2
6 M 8.2 0.185 1.9 NA NA 12.45 25.4 265.3
Values in bold exceed blood guidance value of 100 μg/L and environmental guidelines.
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population.
Our results show that BLL was higher in adults than in children. BLLs
in Canadians tend to decline slightly during childhood and adolescence,
and then rise again with age, with seniors typically having the highest
BLL, reﬂecting higher past environmental exposure and remobilization
of Pb frombones into the blood stream (Health Canada, 2013a). Howev-
er, in this study, adults' BLLs are four times those of children's BLLs,
whereas adult levels in Canada (median: 20–39 years = 9.8 μg/L; 40–
59 years = 14 μg/L; 60–79 years = 19 μg/L) are at most twice as high
than in children (median: 6–11 years = 7.9 μg/L; 12–19 = 7.1 μg/L)
(Health Canada, 2013b). This suggests that in addition to the factors
previouslymentioned, high BLLs could be resulting from activities prac-
ticed by adult participants andnot by children, aswell as frombodybur-
den accumulated earlier in life. The investigation of possible sources of
exposure to Pb shows that certain habits or house conditionswere asso-
ciated with higher BLLs among participants. Of these, hunting, living in
houses undergoing repairs or remodelling, and eating country foods
killed with Pb shot seem to expose participants to Pb. Globally, both
children and adults seem to be exposed to common sources of Pb, as
their LIRs are similar.
Regarding Pb levels in environmental samples, Pb concentrations in
tap water were generally higher than what has been observed in vari-
ous municipal and provincial surveys across Canada, where Pb concen-
trations at the tap are generally less than 1 μg/L (Health Canada, 2013a).
In two households, Pb levels in tap water exceeded the MAC of 10 μg/L
of water according to the Guidelines for Canadian DrinkingWater Qual-
ity (Health Canada, 2012). A recent study looking at the sources of Pb in
children of Montreal showed that Pb levels in tap water are associatedwith BLL, when tap water Pb levels were greater than 3.3 μg/L
(Levallois et al., 2013). Despite the fact that LIR and discriminant analy-
ses were not clear about the contribution of tap water to BLL, there was
a positive association between Pb levels in tapwater and blood. A better
investigation of the contribution of tap water to Pb intake could help
clarify to what extent this is a signiﬁcant source of exposure in this
study population.
Our results show that Pb levels in country foods are low, and suggest
that country foods represent a source of Pb among the participants who
had lower BLL, as depicted by the similarity between the LIR of the low-
est BLL in adults and children and country food. Interestingly, the LIRs of
country foods are different from the ammunition LIR, suggesting that
the samples collected in this study were not inﬂuenced by the use of
Pb shot; other environmental sources of Pb must then be contributing
to country food Pb burden. A study on the use of Pb shot by the Cree
First Nation in Ontario, Canada, showed that hunters' BLL increased
after the hunting season, due to the use of Pb shot; in addition, the LIR
of blood was closer to the LIR of ammunitions used in that region
(Tsuji et al., 2008). A more in-depth investigation of the inﬂuence of
hunting practice could contribute to document how hunting activities
and country food consumption contribute to human exposure to Pb in
this study population.
Our results show that Pb levels in wiped dust (median: 27.1 μg/m2)
were lower than the USEPA guideline for Pb in ﬂoor dust, which is
431 μg/m2 (USEPA, 2000). In the Canadian Dust Study, 90% of homes
fell below the USEPA regulation for Pb in ﬂoor dust (Donaldson et al.,
2010). Also, the US residential studies of the National Health and Nutri-
tion Examination Survey (NHANES) reported a geometricmean of Pb in
ﬂoor dust of 12 μg/m2 (Dixon et al., 2009). Although only 2 houses
Fig. 2. Relative isotopic compositions of the blood and environmental samples in households where at least one participant has BLL exceeding the guideline of 100 μg/L.
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a) 206Pb/204Pb b) 207Pb/ 204Pb
c) 208Pb/204Pb d) 207Pb/206Pb
e) 208Pb/206Pb f) 208Pb/207Pb
Fig. 3. Lead isotope ratios (LIRs) among the different sample types.
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from the discriminant analyses and from the LIR show the similarity be-
tween the isotopic composition of dust and blood, suggesting that dust
contributes to human exposure to Pb in this study population.
Currently, there are no published Canadian residential guidelines
for Pb in dust, but an interim categorization uses risk-based thresh-
olds as Tier 1 (b150 mg/kg), Tier 2 (150–750 mg/kg), or Tier 3
(N750 mg/kg) (Rasmussen et al., 2011). According to the Canadian
House Dust Study, “urban background” Pb levels in house dust
ranges between 8 and 250 mg/kg, and dust Pb levels N250 mg/kg
are considered elevated (Rasmussen et al., 2011). In that study, 10%
of Canadian urban homes have elevated dust Pb levels (Rasmussen
et al., 2011). Using this categorization, our results show elevated Pb
levels in 50% of ﬁne dust samples and 33% of coarse dust samples;
moreover, most participants living in these houses have elevated
BLLs. Results from the discriminant analyses and from the LIRs also
show a similar isotopic composition of dust and blood. This evidence
suggests that dust is a more important source of exposure to Pb in
this study population than in the rest of Canada.
In 1976, Canada limited the amount of Pb in interior paint to
5000 mg/kg; in 1991, this regulation was brought down to 600 mg/kg
(Health Canada, 2007), and in 2010, further lowered to 90 mg/kg
(CCPSA, 2010). Studies in urban of theUSA showed that paint contribut-
ed signiﬁcantly more Pb to house dust than soil (Lanphear and
Roghmann, 1997). Our results from the discriminant analyses and
from the LIR show a similar isotopic composition between paint and
blood. This could be explained by the fact that paint contributes to
house dust Pb burden.
The levels of Pb measured in soil samples fall within the range of
background concentrations of Pb in Canada, where background Pb
concentrations are represented by the Pb levels in glacial till
(Rencz et al., 2006). Based on 7398 samples (b63 μm) collected
throughout Canada, the average (arithmetic mean) Pb concentra-
tions in glacial till was 10 mg/kg, ranging from 1 to 150 mg/kg,
with a 90th percentile of 16 mg/kg (Rencz et al., 2006). Generally,
Pb in soil tends to be higher near cities, roads and industrial facilities.
When analysing Pb in garden soil samples from Ottawa, Rasmussen
et al. (2001) observed an average (geometric mean) of 42.3 mg/kg,
ranging from 15.6 to 547.4 mg/kg, with a 95th percentile of
205.4 mg/kg (Rasmussen et al., 2001). These levels are higher than
the background concentrations of glacial till, and also are higher
than the levels observed in this study. However, our results suggest
that Pb from soil is not likely to be a signiﬁcant contributor to the in-
door load of Pb.
The LIR results suggest that ammunition contributed to the house
dust load, as their LIRs are similar to those of dust. Since the LIRs of
ammunitions and country food are different, it does not seem that
exposure to Pb from the use of Pb-containing ammunition happens
through country food consumption, but through different mecha-
nisms (Tsuji et al., 2008). Hunters are in contact with the fumes
from Pb bullets and primers, and can be exposed through the respi-
ratory system through the inhalation of these fumes and orally
through hand-to-mouth behaviours (Bonanno et al., 2002). Our re-
sults further support this hypothesis, as hunters have higher BLL
than non-hunters.
Overall, country food and soil did not exceed the guidelines for Pb
levels and are not likely major sources of Pb exposure in this study
population. LIRs of environmental samples show that house dust,
paint chips, and ammunition have similar proﬁles, suggesting that
both the mobilization of old paint through wall damage or renova-
tions and ammunition (probably through the powder) used for
hunting could contribute to the household burden of Pb and may
be important contributors to blood Pb. When referring to Table 3,
where we see BLL exceeding health guidelines, environmental Pb
concentrations also exceed environmental guidelines. This suggests
that current environmental guidelines are good predictors of EBLL,and a good way to detect possible situations of elevated exposure
to Pb.
5. Conclusion
During the 2007–2008 IHS, elevated BLL (N100 μg/L) has been
measured in approximately 10% of the adult participants in Nunavut.
This follow-up, with participants recruited among the adults having
elevated BLL, as well as adults and children from their household,
showed a signiﬁcant decline between 2007–2008 and 2012. Higher
Pb in dust was identiﬁed to be the likely source in the households
with the highest BLL; mitigating measures should be developed in
order to reduce human exposure to house dust. This study shows
that using Pb stable isotope analysis is an effective means to identify
the routes of exposure to Pb. Since the LIR analyses suggest that Pb in
paint and ammunition could be contributing to the Pb burden in
house dust, the mitigation measures could target renovating houses
in poor condition and developing education campaigns on the safe
use of ammunition and maintenance of ﬁrearms. Clinical and public
health follow-ups have been completed for individuals and houses
where blood and environmental samples exceeded the guidelines.
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